The effect of intracellular trehalose and glycogen on the survival of spores of Dictyostelium discoideum ATCC 25697 after exposure to supraoptimal temperatures was examined. Cells metabolically perturbed by incubation in glucose and inorganic phosphate have intracellular trehalose and glycogen concentrations fivefold and twofold higher, respectively, than those of the controls. These cells were more resistant to the lethal effects of wet heat (450 to 5500) than were control cells. The presence of 40 mM trehalose in the buffer during heat stress increased the survival of nonperturbed cells to approximately the level of the perturbed cells. No protection was observed when cells were heated in the presence of exogenous glycogen. Glucose or disaccharides other than trehalose, when present during heat stress, had no effect on heat resistance. Nonperturbed cells preincubated in 40 mM trehalose and washed before heat stress were more resistant to killing than were controls. Cells perturbed with inorganic phosphate, which has been shown to increase trehalose concentrations but decrease glycogen concentrations, were also more resistant to the lethal effects of wet heat than were controls. The data suggest that trehalose has an effect on the wet-heat resistance of D. discoideum. Some possible mechanisms are suggested.
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The cellular slime mold Dictyostelium discoideum differentiates when starved and produces constitutively dormant spores. There are two major storage carbohydrates in the spores, glycogen and trehalose. Glycogen is also a major polysaccharide in vegetative cells. The glycogen content of the cells decreases during fruiting body formation and sorocarp maturation (9, 14) . Trehalose is detectable at a low level in vegetative cells but accumulates in spores (2) . It is not used during dormancy but, upon germination, is rapidly degraded due to the activity of the enzyme trehalase (3) .
Wright et al. (16) have found that the levels of trehalose and glycogen in D. discoideum can be experimentally manipulated after differentiation has occurred. Metabolic perturbation of the spores can result in a fivefold increase in trehalose and a twofold increase in glycogen over levels in nonperturbed cells. The ability to alter the intracellular concentrations of these storage carbohydrates has provided a means to examine the role of these carbohydrates in dormancy and aging. This paper reports that spores with increased intracellular concentrations of storage carbohydrates had increased resistance to wet heat. Evidence is presented indicating that, of the two saccharides, trehalose is more likely than glycogen to be responsible for the increased heat resistance. Some possible mechanisms of heat protection by trehalose are proposed.
MATERIALS AND METHODS
Organism and culture conditions. D. discoideum (NC4) ATCC 24697 was grown on nutrient agar (1% peptone, 0.1% yeast extract, 1% glucose, 1.5% agar) with Escherichia coli as the bacterial associate, according to methods described previously (7) . After the bacterial food source had been depleted, myxamoebae of Dictyostelium were harvested and spread onto sterile sheets of 1 Comparisons of total spores counts (using a LevyHausser counting chamber) with plaque-forming units at time zero showed an initial viability of at least 85%.
RESULTS
Increased heat resistance of perturbed spores. The ability of perturbed and nonperturbed spores from 24-h sorocarps to withstand wet-heat stress at various temperatures was examined. The intracellular concentrations of trehalose and glycogen are given in Table 1 . Metabolic perturbation by incubation in the presence of exogenous glucose and inorganic phosphate increased the concentration of trehalose 4.5-fold and that of glycogen 1.5-fold. Figure 1 shows the results from a typical heat stress experiment, in which the cells were heated at 50°C. The nonperturbed cells died more rapidly than the perturbed cells. A "90% killing time" was obtained from these experiments by determining, from the steepest parts of the curves, the times required to obtain a 90% decrease in plaque-forming units (Table 2) . At 45 to 550C, the 90% killing time was longer for the perturbed cells than for the nonperturbed cells. At 40°C there was no killing over 20 min, whereas at 60°C complete killing of both perturbed and nonperturbed cells occurred in less than 5 min.
Exogenous carbohydrate present during (Fig. 2) 3). The addition of disaccharides other than trehalose, including maltose, sucrose, and melibiose at 40 mM, provided no increase in heat resistance. The presence of 50 mM each glucose and inorganic phosphate, the metabolites used for perturbation, also had no positive effect on heat resistance. It was not necessary for exogenous trehalose to be present during heat stress for it to have a protective effect (Fig. 4) . When nonperturbed cells were incubated for 30 min in the presence of 40 mM trehalose, washed, and then stressed at 500C, they were more resistant to killing than those preincubated in MES buffer alone.
Heat resistance in phosphate-perturbed cells. Incubation of spores in the presence of 50 mM KH2PO4 (in MES buffer, pH 6.5) resulted in a 15% decrease in the intracellular glycogen concentration, whereas the trehalose concentration increased 1.5-fold (Table 1) . If heat resistance were conferred by the glycogen, no increase in resistance would be expected in phosphateperturbed cells compared to the control. How- ever, the phosphate-perturbed cells were more resistant to killing than the control (Fig. 5) , suggesting that trehalose affected heat resistance. DISCUSSION Our data showed that intracellular storage carbohydrates increased the resistance of D. discoideum spores to killing by wet heat. They also suggested that trehalose was the carbohydrate primarily responsible for heat resistance.
Trehalose, which is often found in fungal spores, is thought to serve primarily as an energy source upon germination. In most fungi which store trehalose, it is not metabolized until germination is activated (1, 5, (10) (11) (12) . Although the suggestion has been made that trehalose may also be involved in maintenance of spore dormancy by enhancing the ability of spores to withstand environmental stress (13) shown the results of representative experiments which had been repeated at least three times. This was done because there was considerable variability in the data from experiment to experiment under any one set of experimental conditions. However, the qualitative effect, i.e., the increased heat resistance of the perturbed spores, of those heated in the presence of trehalose, or of those preincubated in trehalose was almost always seen. Wright et al. (16) (Fig. 5) . Nonperturbed cells, when provided with external trehalose, showed an increased heat resistance similar to that exhibited by perturbed cells (Fig. 2) . Spores of D. discoideum are known to be permeable to a number of small metabolites (9, 16) , and it is likely that treh8lose can readily enter the cells. The fact that cells preincubated in trehalose and washed before being subjected to heat stress were more resistant to killing than were the controls (Fig. 4) 
